An important contributing factor for the high sensitivity of sensory systems is the exquisite sensitivity of the sensory receptor cells. We report here the signaling threshold of the olfactory receptor neuron (ORN). We first obtained a best estimate of the size of the physiological electrical response successfully triggered by a single odorantbinding event on a frog ORN, which was ∼0.034 pA and had an associated transduction domain spanning only a tiny fraction of the length of an ORN cilium. We also estimated the receptor-current threshold for an ORN to fire action potentials in response to an odorant pulse, which was ∼1.2 pA. Thus, it takes about 35 odorantbinding events successfully triggering transduction during a brief odorant pulse in order for an ORN to signal to the brain.
An important contributing factor for the high sensitivity of sensory systems is the exquisite sensitivity of the sensory receptor cells. We report here the signaling threshold of the olfactory receptor neuron (ORN). We first obtained a best estimate of the size of the physiological electrical response successfully triggered by a single odorantbinding event on a frog ORN, which was ∼0.034 pA and had an associated transduction domain spanning only a tiny fraction of the length of an ORN cilium. We also estimated the receptor-current threshold for an ORN to fire action potentials in response to an odorant pulse, which was ∼1.2 pA. Thus, it takes about 35 odorantbinding events successfully triggering transduction during a brief odorant pulse in order for an ORN to signal to the brain.
olfaction | olfactory transduction | sensory transduction O ur visual system has pushed to the physical limit of sensitivity. Thus, a dark-adapted human subject can report light when just a few photons are absorbed in a retinal area spanning hundreds of rod photoreceptors, suggesting that each dark-adapted rod can signal the absorption of a single photon (1) . What about the olfactory system? How many odorant molecules have to bind to an olfactory receptor neuron (ORN) to trigger an output signal? Retinal rods lack axons, so a graded, light-induced change in membrane potential directly modulates synaptic transmission. In contrast, ORNs have axons and require action potentials to convey olfactory signals to the brain. Hence, the question becomes: How many odorant-binding events successfully triggering transduction are required for changing an ORN's firing?
The canonical mechanism of olfactory transduction in the main olfactory epithelium is now quite well understood (2) (3) (4) (5) . Odorant receptors (ORs) on ORN cilia are G protein-coupled-receptors (6) that, upon binding specific odorants, activate the adenylyl cyclase type-III via the G protein, G olf . The ensuing rise in cAMP opens a cyclic-nucleotide-gated (CNG), nonselective cation channel to produce a membrane depolarization. Additionally, the Ca 2+ influx through the CNG channels opens a Ca 2+ -activated Cl channel on the ciliary membrane (7, 8) . The resulting Cl − flux is, however, outward (i.e., inward Cl current) because of a high intracellular Cl − concentration maintained by steady Cl − uptake via a Na/K/Cl cotransporter, NKCC1 (9-12, but see 13) , thus further depolarizing the cell to provide amplification (9, 10) . Simultaneously, the Ca 2+ influx triggers, via Ca 2+ -calmodulin, multiple negative-feedback pathways that lead to adaptation (2) (3) (4) (5) . Finally, action-potential generation in ORNs involves voltage-gated Na channels and lowvoltage-activated (T-type) Ca channels, at least near threshold (14) . Previously, we have found surprisingly that most odorant-binding events on an ORN are actually "inconsequential": that is, unsuccessful in triggering transduction, apparently because the odorant-OR complex typically exists too briefly to activate the downstream pathway (15) . The events described in this article implicitly mean successful events.
To determine the olfactory signaling threshold, we estimated the ORN response to a single odorant-binding event (referred to as "unitary response" here) and the threshold receptor-current required for triggering action potentials. Previously, we have characterized the unitary response in low-Ca 2+ solution (15) . In this solution, the foot of the stimulus-response (S-R) relation is clearly linear, suggesting a linear summation of unitary responses and allowing quantal analysis. We have interpreted this linear foot to indicate that, when there are few unitary responses, their associated transduction domains (i.e., physical regions where olfactory transduction occurs after OR activation) on the ORN cilia are spatially segregated from each other and do not interact, therefore summing linearly. In physiological, normal-Ca 2+ solution, the S-R relation has an overall sigmoidal foot, with a Hill coefficient considerably greater than 1 (15, 16) . However, the picture from lowCa 2+ experiments suggests to us that the initial foot of the S-R relation is likely also linear even in physiological solution, albeit restricted to very small responses and easily missed. Indeed, we have verified this here, allowing us to estimate the physiological unitary response.
Results
Foot of the S-R Relation in Physiological Conditions. We began by examining the foot of the S-R relation in physiological solution. Fig.  1 shows the responses of an ORN in normal-Ca 2+ solution to a pulse of 300-μM cineole of different durations (Materials and Methods). The overall foot (i.e., initial segment) of the S-R relation was supralinear, roughly fitted by a third-power-law relation (Fig. 1A , Lower). At close inspection, however, the initial foot (for responses <1 pA) was linear (Fig. 1B , Lower, black line), beyond which the relation became supralinear. Our interpretation is that, as the number of successful binding events increased with stronger stimuli, their transduction domains began to overlap spatially, making the S-R relation supralinear because of the supralinearities intrinsic to the olfactory-transduction mechanism. These supralinearities include, for example, multiple cAMP molecules being required for activating a single CNG channel (17) , and more than one Ca 2+ required for activating a Ca 2+ -activated Cl channel (7, 18 We confined the analysis to measurements in the short linear segment at the initial foot of the S-R relation, because otherwise it would be invalid (SI Materials and Methods and Fig. S1 ). An ORN was stimulated with a series of identical, weak odorant pulses, and the ensemble mean, m(t), and variance, σ (Fig. 4C) , which is within a factor of 2 from the indirect estimate of 0.017 pA described in the previous section.
We shall adopt the unitary amplitude of 0.017 pA from the previous section for general use because, by involving simply the response ensemble mean in normal Ca 2+ , it is probably more accurate. This value has then to be multiplied by ∼2 to correct for the imperfect collection of transduction current by the suction pipette (Materials and Methods), giving a true value of ∼0.034 pA.
Spatial Spread of Transduction Domain. The S-R relation provides a way to estimate roughly the spatial spread of the transduction domain associated with a unitary response along a cilium, based 5A shows these plots for four ORNs. The extent of the linear segment in the S-R relation varied from cell to cell, explainable by variations among cells in the length and number of olfactory cilia (possibly partly because of physical damage during cell dissociation). Longer or more cilia will accommodate more physically nonoverlapping unitary responses, thus giving a longer linear part of the relation. It was impossible, however, to determine by visual observation the exact length and number of cilia on a cell during an experiment because of their small size and motility.
We then fit Eq. 3 in the Appendix to the overall foot (i.e., linear and supralinear regions together) of each S-R relation (Fig. 5A) . R in Eq. 3 is evaluated (and scaled in amplitude) as a function of N by adjusting α and the ratio w/L as free parameters for the best fit (smooth curve). Up to nine summed terms are used, which is sufficient considering that we are not fitting much beyond the linear range of the S-R relation. We also checked the uniqueness of the w/L and α values in a given curvefit by examining whether widely different pairs of values would give equally good fits. Although this check has not been done exhaustively, the fitted w/L and α values did appear to be unique (see example in Fig. 5B) . From nine cells, the mean w/L value is 1/158 = 0.0063 (±0.0030, SD). With a nominal ciliary length of 40 μm (20) and 10 cilia on a cell (21), L = 400 μm. Thus, w = 2.5 μm. The average best-fit α value is 5.9 (ranging 4.8-7.2 in different cells). As mentioned in the Appendix, α incorporates the activation of the CNG current by cAMP (Hill coefficient ∼3; ref. 17 not necessarily stay constant beyond the foot of the S-R relation because some of the parameters lumped into α can change. Although the above estimate is only approximate because of the assumption of a spatially homogeneous unitary transduction domain, the important point is that the domain width w is very small compared with the length of a cilium. Indeed, the 2.5 μm may well be an upper limit because, instead of being an idealized boxcar function, the unitary domain in reality is likely a Gaussian function. Thus, a given number of binding events insufficient to cause overlaps between adjacent boxcar-shaped profiles would already cause some overlap between the skirts of the actual Gaussian profiles and lead to nonlinearity, meaning the equivalent boxcar spreads have to be even narrower than estimated above. Our estimate is similar to the recently reported restricted spread of current produced by locally photolyzed cAMP in the olfactory cilium (22) and, incidentally, the width is not too different from that for the single-photon response in the retinal rod (23) . We define the threshold of successful olfactory signaling to the brain as the state at which the probability of action-potential firing by an ORN reaches 0.5 in response to an odorant pulse. Because the unitary response lasted for ∼1 s (e.g., Figs. 1 and 2 ), we measured the firing probability (i.e., the percentage of stimulus trials eliciting ≥ 1 action potential) during a 1-s time interval immediately before (as control), and during a 1-s time interval immediately after, an odorant pulse. Fig. 6A shows sample recordings to display action potentials (Materials and Methods) from an ORN subjected to a long series of identical weak stimuli. A change in firing could be triggered by a barely detectable receptor current, on average about 0.15 pA in this experiment (red trace in Fig. 6B ; also ref. 24) . By repeating the same procedure at other stimulus strengths, we obtained a plot of firing probability against receptor current. After converting receptor current into number of unitary responses (i.e., successful odorant-binding events) by using the S-R relation from the same cell (see earlier and Fig. 5) , we obtained the plot in Fig. 6C . The firing probability increased rapidly, reaching 0.5 at ∼27 successful binding events. Combined with five other cells (Fig. 6D) , the overall threshold number of binding events was 40 ± 25. Because this number is generally within the linear range of the S-R relation (Fig. 5) , an approximate but simpler calculation is as follows. The receptor current at threshold was 0.6 ± 0.19 pA from the six cells, and the receptor current for consistent signaling (i.e., generating ≥1 action potential on every trial) was 1.31 ± 0.54 pA (six cells minus the one incomplete experiment marked by black diamonds in Fig. 5D ); after correction for incomplete current collection, these became 1.2 and 2.6 pA, respectively. Dividing by the corrected unitary response of 0.034 pA, we obtained 35 ± 11 events for threshold signaling and 76 ± 44 events for consistent signaling. The ORN's probability of spontaneous firing varied between 0 and 0.2 over a 1-s interval, comparable to that found in ORNs of another lower vertebrate with single-unit recordings (0.01-0.71 s −1 ; ref. 25) . Considering the reasonably constant unitary-response amplitude across cells and odorants (15 and the present study), the signaling threshold of 35-40 successful odorant-binding events may be fairly general, at least for amphibians. However, because the probability of successfully triggering transduction is low even for a cognate odorant-OR complex (15 and the introduction), the corresponding overall starting (i.e., successful and unsuccessful) number of odorant-binding events is much higher, although the exact value is unknown.
Finally, odorant stimulation can in principle elevate or lower the basal firing of an ORN (26) . We have not observed any firing decrease caused by the odorants in this or previous work (cineole, acetophenone, and isoamylacetate) (15) . Possibly, our sampled ORN population was insufficiently large for encountering inhibitory olfactory responses, or the chosen odorants only increase firing in our preparation. We may also have missed inhibition by biasing toward cells that had little or no constitutive activity (Materials and Methods). In any case, the stimulus threshold here applies only to an odorant-induced increase in ORN firing.
Discussion
Unitary Transduction Domain and Current. An initially linear foot of the S-R relation for ORNs in physiological solution supports our picture that the unitary response (i.e., the response triggered by an individual odorant-binding event that successfully activates the downstream transduction machinery) is spatially restricted. Roughly, the unitary transduction domain spans ∼2.5 μm along a cilium at the transient peak of the response. The unitary response amplitude is about 0.034 pA.
It is interesting that, despite the supralinear behavior of the S-R relation beyond its linear foot in normal-Ca 2+ solution, we did not find this supralinearity in low-Ca 2+ solution ( figure 1 in ref. 15) . Instead, the S-R relation in low-Ca 2+ solution becomes sublinear after the linear range. The likely reason is that, despite a Hill coefficient >1 for the activation of CNG channels by cAMP, a high percentage of CNG channels is already open within the unitary domain in low-Ca 2+ solution (because of the lack of negative feedback; refs. [2] [3] [4] [5] , so that when domain overlap occurs, the channel is already operating at the upper, sublinear part of its dose-response relation with cAMP concentration. For example, from the nominal 2.5-μm unitary domain and 400-μm summed ciliary length (Results), the fractional contribution by a domain to the overall response is ≤0.006. In 100 nM-Ca 2+ solution, we found that the saturated odorant-induced current is almost invariably <200 pA (uncorrected). Thus, the saturated current within a unitary domain is <1.2 pA, compared with the unitary response of 0.9 pA (uncorrected) in this solution (Results and also ref. 15) , which is at least already 75% toward saturation. In contrast, because of negative feedback triggered by intracellular Ca 2+ , the response in the domain at normalCa 2+ solution is far from saturation, thus retaining the supralinearity intrinsic to transduction. Incidentally, there is probably little or no Ca 2+ -activated Cl current in low-Ca 2+ solution. Finally, the nasal-mucus composition is probably not exactly identical to the normal-Ca 2+ solution used here. The Na + concentration in the mucus of amphibians was reported to be 53-105 mM (27) (28) (29) (30) , and that of Ca 2+ to be 0.3-5 mM (27, 29) , versus 111 mM Na + and 1 mM Ca 2+ used in our experiments. Thus, the unitary-response amplitude in situ may be a little different from what we report here. On the other hand, the interstitial fluid that presumably determines action-potential threshold is probably well approximated by our Ringer solution, because of its isolation from the nasal cavity by the tight junctions between ORNs and sustentacular cells (31) .
Coupling Between Transduction and Firing in ORNs. We have found that a threshold receptor current as small as ∼1.2 pA is sufficient for depolarizing the ORN to firing threshold, and ∼2.6 pA is sufficient for the cell to consistently fire one or more action potentials. There are no specific measurements from other studies for comparison on how an ORN's firing probability depends quantitatively on injected current, but it has long been known that a very small current, ranging from 2 to 4 pA, will make amphibian ORNs fire action potentials (14, (32) (33) (34) (35) . Even these small currents may be overestimates, because the input resistance of these ORNs is so high (around 5-6 GΩ, refs. 32, 33, and 36) that the shunt through the seal resistance around the recording-pipette tip may limit the measurement. For rat ORNs, with an even higher (25-40 GΩ) reported input resistance because of their smaller size, an injected current of 1 pA is already sufficient for depolarization to firing threshold (37) . Thus, overall, there appears to be a reasonable agreement between our measurements and those of others in respect to firing threshold.
With an input resistance of 5-6 GΩ and a membrane capacitance of 22 pF (34), the membrane time constant of the frog ORN is ∼120 ms, close to the response time-to-peak (several-hundred milliseconds) (Figs. 1, 3 , 4, and 6) as to provide rough matchedfiltering. Thus, brief, spontaneous openings of ion channels, such as Na or CNG channels, will not be very effective in depolarizing the cell, giving a better signal-to-noise ratio.
Sensitivity of Olfactory System. Our experiments suggest that the odorant-pulse threshold for triggering a change in impulse activity of an ORN, hence signaled to the brain, corresponds to ∼35 odorant-binding events successful in signaling downstream. As a first approximation, these events can occur over the time-span of the unitary response (∼1 s). To determine the odorant concentration in the nasal mucus required for reaching this threshold, we would need to know, among other parameters, the total number of OR molecules on an ORN and the percentage of odorant-OR complexes successful in producing an electrical response. Neither parameter is currently available, and the latter obviously also depends on the specific odorant with respect to the OR in question. Previously, Berg and Purcell (38, 39) have shown that the collision rate between ligand molecules and their receptors on an impermeable surface is remarkably insensitive to the surface density of receptors. However, because odorants are mostly hydrophobic and can permeate through the plasma membrane, their analysis is unfortunately not well applicable here.
It is nonetheless instructive to work through a hypothetical example. Suppose that, in the mucus, the rate of odorant binding to an OR is governed by aqueous diffusion, and is, for example, 10 The axonal convergence by all ORNs expressing the same OR to the same synaptic glomerulus will boost the olfactory sensitivity much further. For example, for mouse, with ∼10 3 OR species distributed over ∼10 7 ORNs in the olfactory epithelium (40) , the stimulus threshold can in principle be lowered by another factor of 10 4 if the OR species are evenly distributed over the ORNs (i.e., ∼10 4 cells expressing the same OR) and if firing in any one of these ORNs will lead to signaling up the olfactory pathway. Thus, based on the foregoing calculations, the mucal odorant concentration at detection threshold can in principle approach 0.1 pM. Obviously, additional factors (such as solvation of odorant in the mucus with or without odorant-binding proteins) contribute to translating odorant in the vapor phase into odorant concentration in mucus, but the above order-of-magnitude calculations illustrate how one might think about the problem.
Materials and Methods
Adult frog (Rana pipiens) was used. The procedures were as described elsewhere (15) . The soma of an isolated ORN was drawn into the tip of a suctionpipette, with the cilia exposed to bath solution. Typically, the dendrite of the cell retracted into the soma, and ∼75% (by visual inspection) of the surface of the rounded-up soma/dendrite was in the pipette. The pipette resistance was 1.3-1.5 MΩ when empty and 6-8 MΩ with the cell in place. Assuming that the empty-pipette resistance resided mostly in the shank behind the tip where the cell occupied (upper estimate), the seal resistance with the cell in place should be ≥4.5 MΩ. Thus, at least 4.5/6 = 0.75 of the membrane current flowing across the part of soma in the pipette should be collected. The fraction of overall current at the soma (mirror image of membrane current at the cilia) collected by the pipette was therefore roughly 0.75 × 0.75 = 0.56. During pipette fabrication, extra care was taken to keep the pipette-tip configuration consistent (outer diameter ∼10 μm and inner diameter ∼8 μm), hence the empty-pipette resistance (and the current-collecting characteristic of the pipette) was fairly constant. A consistent pipette-tip profile also helped make the dynamics of the solution changes reproducible. The membrane current was recorded at room temperature (20-23°C) on two channels, low-pass filtered at 20 and 500 Hz (8-pole Bessel) for recording receptor current and action potentials, respectively. The signals were digitized at 1 kHz. All indicated errors are SDs.
Odorant solutions were made daily from pure stocks (Sigma), containing 1-1,000 μM odorant dissolved in normal or 90% Ringer, the latter for marking the stimulus timing with liquid-junction currents. Mostly, cineole was used, eliciting responses from ∼10% of tested cells. Isoamylacetate and acetophenone were also used, exciting comparable percentages of cells. A cell was typically stable for ≥1 h with little decline in sensitivity. Solution changes were made by moving the interface between two solution streams across the recorded cell as previously described (15) . To change the stimulus strength, we mostly varied the odorant-pulse duration instead of concentration (15) . Changing the pulse duration is simple and precise during an experiment, whereas changing the odorant concentration requires many solutions installed before an experiment (which is impractical, especially considering that each randomly encountered ORN has a different OR). Moreover, given the apparent bimolecular odorant-OR interaction and the brief binding event, the number of binding events should increase linearly with odorant duration (15) . In experiments with lowCa 2+ Ringer, the bath was switched to low-Ca 2+ solution for typically 2 s before odorant was applied; afterward, the cell was returned to normal-Ca 2+ solution for at least 10 s before odorant was reapplied. When switched to low-Ca 2+ solution, a cell generally fired several action potentials and became quiescent thereafter; upon odorant stimulation, action potentials did not always appear. In normal-Ca 2+ solution, however, odorant stimulation typically elicited action potentials. Sometimes, an inward current appeared when the cell was exposed to low-Ca 2+ Ringer, presumably reflecting constitutive OR activity in some ORNs. We used only cells that did not show this current. Finally, we were unable to confirm the report that ORNs respond to mechanical perturbation with similar response profiles as those to odorants (41) .
Normal-Ca 2+ solution contained (in mM) 111 NaCl, 2.5 KCl, 1.6 MgCl 2 , 1 CaCl 2 , 0.01 Na-EDTA, 3 Na-hepes, pH 7.7, 10 glucose. The 20-μM Ca 2+ solution contained (in mM) 111 NaCl, 2.5 KCl, 3.5 MgCl 2 , 0.1 CaCl 2 , 1 nitrilotriacetic acid (NTA), 3 Na-hepes, pH 7.7, 10 glucose, giving a free Ca 2+ concentration of 20 μM and a free Mg 2+ concentration of 2.6 mM (calculated according to the web-based program, MaxChelator), in total divalent concentration similar to that in normal-Ca 2+ solution to minimize the change in blockage of the CNG channels (22 Consider an olfactory cilium of length L′, and unitary transduction domains each of width w centered at the point of occurrence of a successful odorant-binding event (Fig. S2 ). For simplicity, we assume that each domain is spatially homogeneous. If an odorant stimulus elicits, on average, N′ successful binding events on a cilium per trial, the average linear density of events on the cilium is N′/L′. At any point X on the cilium, the probability that there is 1, 2, 3, . . . events occurring within distance w/2 from X on either side will be, according to the Poisson distribution:
Any event occurring within w/2 on either side of X will add to the total response at X. For a cell with k cilia, we have, after replacing N′k by N, and L′ k by L (the summed ciliary length): Suppose each successful binding event produces an incremental concentration of cAMP, C, at point X, with C increasing linearly with the number of overlapping domains at X. Suppose further that the electrical response R is proportional to C α , where α incorporates the activations of the CNG current and the secondary Ca 2+ -activated Cl current, as well as any nonlinearities associated with local cAMP-and Ca 2+ -buffering and Ca 2+ -mediated negative feedback. We can then write: For very small N, such that Nw/L << 1, P 1 predominates, and Eq. 3 reduces to R ∝ C α {Nw/L}, so that R increases linearly with N, as expected.
Although somewhat simplistic, the above model has the attraction of being mathematically simple and not requiring any detailed knowledge of the longitudinal diffusion of cAMP and Ca 2+ , or their respective buffering, in the cilium (mostly unknown parameters). Furthermore, any potential uneven distribution of the CNG channels (42) along the cilium has been ignored.
